Background: ␥␦ T cells, like ␣␤ T cells, are components of all well-studied vertebrate immune systems. Yet, the contribution of ␥␦ T cells to immune responses is poorly characterized. In particular, it has not been resolved whether ␥␦ cells, independent of any other T cells, can help B cells produce immunoglobulin and form germinal centers, anatomical foci of specialized T cell-B cell collaboration.
Background
All well-studied vertebrate immune systems contain two kinds of T cell (␣␤ and ␥␦) defined by the type of antigenspecific T cell receptor (TCR) -TCR␣␤ or TCR␥␦ -that they express on their surface [1] [2] [3] [4] . Although a wide range of functions has been attributed to ␣␤ T cells, the biological functions of ␥␦ T cells are largely unresolved [5] . A major question is the degree to which ␥␦ T cells can interact with other cells of the immune system, in response to pathogen challenge.
The paradigm for lymphoid collaboration is the 'help' provided by ␣␤ T cells to B cells. Help originates in T cellrich zones (for example, periarteriolar lymphocytic sheaths (PALS) of the spleen), where T and B cells specific for the same challenging antigen enter into cognate interactions [6] . The T cells provide cytokines, such as interleukin (IL)-4 or ␥-interferon (␥IFN), which promote synthesis by B cells of immunoglobulin (Ig) G. Antigen-specific B and T cells can also migrate to follicles, where they clonally expand to form germinal centres (GCs), within which the genes for the Ig variable (V) regions, which bind antigen, undergo somatic hypermutation [7, 8] . This poorly understood, T cell-driven process elicits B cells with altered affinities or specificities for antigen. B cells with increased affinity for the initial antigen survive selectively, and subsequently become plasma or memory cells, while B cells that have low affinity or develop autoreactivity die [9, 10] . This selection of the B cell repertoire in the GCs represents a fundamental collaboration between B cells, T cells, and specialized antigen-retaining cells, termed follicular dendritic cells [11] .
The capacity of ␥␦ T cells to help B cells remains to be clarified. ␥␦ T cells have been located in some GCs of humans, sheep, and TCR␣ -/-mice [12] [13] [14] [15] . However, because GCs of these species predominantly contain other T cells (either ␣␤ T cells or '␤ + ␣ -' T cells (in TCR␣ -/-mice) [16, 17] ), the independent capacity of ␥␦ T cells to help B cells in vivo is unclear. Whether ␥␦ T cell-B cell collaboration is responsive to particular challenges is also unknown. ␣␤ Tcell-deficient mice fail to mount efficient responses against 'T cell-dependent antigens', but, provocatively, they commonly display high levels of autoreactive IgG in response to adventitious infection [14, 18, 19] . Moreover, ␥␦ T cells from a patient with lupus nephritis have been reported to help B cells produce pathogenic autoantibodies [20] .
In this study, antibody production was examined in TCR␤ -/-mice, which lack all T cells except ␥␦ cells. The results demonstrate an independent capacity of ␥␦ T cells to help B cells, which is responsive to repeated challenge with a live pathogen toward which TCR␤ -/-mice are immunodeficient [21] . Provocatively, antibodies associated with 'pure' ␥␦ T cell help were more obviously reactive to self than to the challenging pathogen. These results define an independent action of ␥␦ T cells which may be relevant to autoimmunity that, for unknown reasons, commonly develops in patients with immunodeficiencies, such as AIDS [22] .
Results

IgG production in mice that contain T cells, only ␥␦ T cells, or no T cells
Serum levels of different Ig isotypes were compared by ELISA in three age-matched groups of mice: TCR␤ -/-mice, whose only T cells are ␥␦ + ; TCR(␤x␦) -/-mice, which contain no T cells; and TCR␤ + ␦ + mice, which have both ␣␤ and ␥␦ T cells. Focus was on IgG1, an isotype prominently produced in T cell-dependent antibody responses [23] . In a representative assay (Table 1 ), the average serum IgG1 level for TCR␤ + ␦ + mice was 86.1 mg ml -1 (± 27.6 mg ml -1 , standard error (SEM)); for TCR␤ -/-mice the average level was significantly lower (14.7 ± 3.9 mg ml -1 ; p = 0.011 (unpaired t-test); p = 0.014 (Wilcoxon)), but this was significantly higher than the average level in the serum of TCR(␤x␦) -/-mice (3.3 ± 0.9 mg ml -1 ; p = 0.006 (t-test); p = 0.019 (Wilcoxon)). Individually, 6 of 11 TCR(␤x␦) -/-mice (with no strict age correlation), compared with only 3 of 9 TCR␤ -/-sera, contained negligible IgG1. The remaining 6 of 9 TCR␤ -/-mice all contained more IgG1 than any of the 11 TCR(␤x␦) -/-sera.
When analysis was extended to a total of 102 mice, assayed in several comparative ELISAs, approximately one-third (9 of 29) of TCR␤ -/-sera contained > 20 mg ml -1 IgG1, compared with two-thirds (14 of 21) of TCR␤ + ␦ + sera, but less than one-eighth (6 of 52) of TCR(␤x␦) -/-sera. Thus, under specific pathogen-free (SPF) conditions, mice with ␥␦ T cells are more likely to synthesize readily measurable levels of IgG1 than are fully T cell-deficient mice. Notably, this difference did not extend to IgM (an Ig isotype that can be produced without T cell help), which was expressed at similar levels in TCR␤ -/-mice and TCR(␤x␦) -/-mice (Table 1) . T cellintact, ␤ + ␦ + mice expressed less IgM, probably because of more efficient class switching to IgG.
Germinal centers form after repeated infection with Eimeria vermiformis in TCR␤ -/-mice, but not in TCR(␤x␦) -/-mice
GCs represent an anatomical hallmark of ␣␤ T cell-B cell collaboration [9, 10] that can be detected on frozen tissue sections by use of peanut agglutinin (PNA) [24] . To determine the capacity of ␥␦ T cells to form GCs, sections of spleens from four cohorts of age-matched TCR␤ -/-and TCR␤ + ␦ + mice were examined: the first group was maintained unmanipulated in SPF housing; the second group was immunized three times over a three-month period with complete Freund's adjuvant (CFA; an immunogen containing mycobacterial purified protein derivative (PPD), a putative stimulus for ␥␦ T cells [25] [26] [27] ); the third group was challenged on the same schedule with Eimeria vermiformis (a protozoan parasite that elicits a T cell response involving ␥␦ T cells [21, 28, 29] , that is a self-limited disease (leaving the host intact for re-infection [30] ), and that can induce GCs [31] ); finally, the fourth group was repeatedly 1318 Current Biology 1996, Vol 6 No 10 Table 2) . None of six TCR␤ -/-mice developed GCs after primary (1°) infection; one of three developed GCs after 2° infection, while more than 50 % (6/11 tested) of TCR␤ -/-mice displayed GCs after 3° infection ( Table 2) . In all cases, the GCs of Eimeria-infected TCR␤ -/-mice were typical, comprising PNA + cells (blue in Fig. 1a ) surrounded by a follicular mantle of IgD + cells (gold in Fig. 1a ) and adjacent to T cell zones (blue in Fig. 1b , and see below). No 3°-infection TCR(␤x␦) -/-mice (0/6) developed GCs ( Table 2) . GCs also did not develop in TCR␤ -/-mice (n = 8) repeatedly inoculated with CFA (Table 2 and see below).
GCs that form in TCR␤ -/-mice contain CD3 + T cells with variable expression of CD4
In normal mice, ~5 % of GC lymphocytes are CD3 + ␣␤ T cells that are mostly CD4 + [32, 33] . Immunohistochemical staining of spleen sections from Eimeria-infected TCR␤ -/-mice showed that all GCs contained CD3 + cells ( Fig.  1a-c,g ), but that CD4 expression was variable, ranging from very few CD4 + CD3 + cells (arrowed dark-brown cells in Fig. 1c ) to a predominance of CD4 + CD3 + cells, which were enriched, relative to the adjacent T cell zones (Fig.  1g ). As expected, almost all GC T cells in infected TCR␤ + ␦ + mice were ␣␤ + , CD4 + ( Fig. 1d-f ). Spleen sections of CFA-immunized TCR␤ -/-mice had CD3 + T cell areas (blue in Fig. 1h ,i), but they were offset from IgD + B cells (gold in Fig. 1h ) and no clumps of PNA + cells indicative of GCs were identified. Few of the T cells expressed CD4 (Fig. 1i ).
GCs in TCR␤ -/-mice are enriched in oligoclonal populations of ␥␦ T cells
␥␦ cells in TCR␤ -/-GCs were investigated further by characterizing their ␥/␦ TCR gene rearrangements. DNA was isolated from individual GCs microdissected from spleen sections, and tested by the polymerase chain reaction (PCR) for rearrangements of V␥1 to J␥4 and V␥7 to J␥1, which are common in the peripheral lymphoid organs of normal and ␣␤ T cell-deficient mice [34, 35] . Of the TCR␤ -/-GCs, 38 % (5/13) were positive for V␥1-J␥4 rearrangements, and another 20 % (2/10) were positive for V␥7-J␥1. Negative samples may have contained other, untested ␥ rearrangements, or may have yielded insufficient DNA for ␥-gene amplification. In a separate study of
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Sequence analysis of two, independent V␥1-J␥4 + GCs, revealed monoclonal, in-frame rearrangements that shared the same joining sequence (Table 3a) . To expand the assessment of TCR␥ gene rearrangements within individual GCs, the PCR-RFLP (PCR restriction fragment length polymorphism) technique was used [37] . By resolving on sequence gels the labeled products of polyclonal V(D)J PCR amplifications, PCR-RFLP can display, in a single gel lane, the heterogeneity in ~80 chromosomal rearrangements [38] . As expected, DNA from whole TCR␤ -/-spleen contained a broad PCR-RFLP spectrum (Fig. 2, lane 1) , indicating diverse V␥1-J␥4 gene rearrangements. Diversity was less in a single PALS area (Fig. 2, lane 4) , and, strikingly, only single bands were detected in each of the GC samples that had been analyzed previously by sequencing (Fig. 2, lanes 2,3) . Each band was 176 bp, corresponding to an in-frame rearrangement of the length predicted by sequencing (Table 3a) . Transit of monoclonal T cells among neighboring GCs has been reported [36, 39] and may explain the detection of the same TCR␥ join in two GCs (see also below). Interestingly, the GC rearrangements did not correspond to the most abundant splenic rearrangement (Fig. 2) .
Oligoclonal ␥␦TCR gene rearrangements can be also detected in GCs of other ␣␤ T cell-deficient mice
To expand these studies, V␥-J␥ rearrangements in splenic GCs microdissected from unmanipulated TCR␣ -/-mice (Fig. 3a,b) were examined by PCR-RFLP (Fig. 3c,d ) and by sequencing (Table 3b ). V␥1-J␥4 rearrangements were detected in 4/20 GCs in TCR␣ -/-mouse #1, whereas V␥7-J␥1 products were found in 3/9 GCs in mouse #2. As in TCR␤ -/-mice, PCR-RFLP detected multiple V␥1-J␥4 rearrangements in a PALS area (Fig. 3d, lane 1) , whereas monoclonal (albeit different) in-frame rearrangements were found in two individual GCs (Fig. 3d, lanes 2,3 ; Table 3b ). Comparable results were obtained analyzing V␥7-J␥1 joins, where again two GCs, 3.30 and 6.30 ( Fig. 3a) , shared the same join (Table 3b ). PCR-RFLP results for V␦6-J␦1 showed even greater diversity of rearrangements in whole spleen (lane ␣ -/-spleen; Fig. 3c , lane 2), reduced to oligoclonal rearrangements in a representative PALS area (P9.32; Fig. 3c, lane 1) , and a monoclonal rearrangement in a representative GC (13.32; Fig. 3c, lane 3 ).
E. vermiformis specific antibodies are detected in infected TCR␤ +/-but not infected TCR␤ -/-mice
It was important to determine whether ␥␦ T cell help stimulated by E. vermiformis infection enriched for B cells specific for the challenging pathogen. Normally, Eimeriainfected mice develop IgG against a protein of ~29 kDa (most likely the sporozoite refractile body) [40, 41] , plus several high molecular weight (> 100 kDa) sporozoite antigens. These antigens were detected with sera from infected but not uninfected TCR␤ +/-mice (Fig. 4, lanes  1,2) . They were not detected with sera from any other manipulated mice (Fig. 4, lanes 3-7) , including 3°-infection TCR␤ -/-mice (Fig. 4, lanes 4,5) . Thus, although TCR␤ -/-mice commonly developed GCs in response to E. vermiformis, and maintained measurable levels of IgG production, there was no evidence for ␥␦ T cell help of a conventional anti-sporozoite antibody response.
TCR␤ -/-mice commonly display autoreactive antibodies
As B cell activity in ␣␤ T cell-deficient mice has been associated with the production of autoantibodies [14, 18, 19] , sera from Eimeria-challenged TCR␤ -/-mice were assessed for autoreactivity by anti-nuclear antibody (ANA) staining ( Table 2) . None of six 1°-infection TCR␤ -/-mice were strongly positive for ANA; one of three 2°-infection TCR␤ -/-mice was strongly positive, while the remaining two were more weakly positive; and five of twelve 3°-infection TCR␤ -/-mice were positive (two scored strongly, and three scored weakly). By contrast,
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Figure 2 [66] . † The number of the GC with the sequence listed. ‡ CDR3 length as calculated by Rock et al. [52] . § The number of individual ampicillin-resistant clones that were sequenced.
TCR␤ -/-GCs contain oligoclonal populations of ␥␦ T cells. Population analysis of V␥1-J␥4 gene rearrangements (using
only one of eleven naive TCR␤ -/-mice and only one of six 3°-infection TCR(␤x␦) -/-mice each scored weakly positive. These data indicate that high levels of ANA are T-cell dependent, and that stimulation of ␥␦ T cell help by repeated infection correlates with increased expression of autoantibodies such as ANA. Nonetheless, autoreactivity was not unique to ␣␤ T cell-deficient mice, as four of sixteen infected TCR␤ +/-mice scored strongly positive, and a further four scored weakly positive. Moreover, in the two highly ANA-reactive TCR␤ -/-mice, GCs were only found in one. This indicates that there are GC-independent and GC-dependent routes of T-cell driven antibody synthesis. Both appear to be stimulated by repeated infection (see below).
Discussion
These results demonstrate that, in the absence of any other T cells, and in response to pathogen challenge, ␥␦ T cells will provide help to B cells in vivo. Furthermore, it may be concluded that ␥␦ T cell-B cell collaboration is similar in at least four ways to conventional, ␣␤ T cell-B cell collaboration. autoantibodies, has been uncovered in the PALS of T cellintact mice [43] [44] [45] [46] ; in this study, increased IgG production in several infected TCR␤ -/-mice occurred independently of GC formation. Fourth, ␥␦ + cells, like ␣␤ T cells, can support the production of autoantibodies, as demonstrated by the development of ANA after infection of both TCR␤ -/-and TCR␤ + ␦ + mice. Nonetheless, in the periphery of T cell-intact mice, the prevalence of autoreactive B cells can also be negatively regulated by follicular exclusion [47] , or by apoptosis of B cells inside the GCs [48] [49] [50] ; the latter process is possibly mediated by the ligand for CD95 (Fas/APO-1) on CD4 + T cells [51] . ␥␦ cells can express Fas ligand (our unpublished data), but whether they have equivalent capacity to suppress autoreactive B cells remains to be determined.
The data presented in this paper define two major differences between ␥␦ T cell help and conventional T cell help. First, ␥␦ T cell help shows strikingly little if any enrichment for B cells reactive to the challenging pathogen. This seems paradoxical given increasing evidence that ␥␦ cells may be able to recognize highly diverse antigens [5, [25] [26] [27] [52] [53] [54] [55] . Indeed, the length of the putative antigen contact site (CDR3) of the V␥1-J␥4 chain present in GC11.32 (Table 3b) is 12 amino acids, extending by one the range of CDR3 lengths reported for TCR␥ chains [52] .
Perhaps, ␥␦ cells simply fail to interact efficiently and specifically with 'professional' antigen-presenting cells, such as macrophages, dendritic cells, and B cells. The cause for this is likely to be the failure of ␥␦ cells to recognize antigen presented as peptide on MHC, possibly coupled with a unique physiology and anatomy of ␥␦ cells. If so, the ␥␦ cell-B cell collaboration defined here may be based on ␥␦ TCR engagement of cell activation molecules [5, 56, 57] , for which infection by live pathogen may be an adjuvant.
A second difference between ␥␦ T cell and ␣␤ T cell help, is its inefficiency: GCs were only induced in TCR␤ -/-mice after repeated infection, whereas GCs were invariably induced in TCR␤ + ␦ + mice during 1° infection.
In further contrast to ␣␤ T cell-B cell collaboration, GCs were not induced in TCR␤ -/-mice by repeated inoculation with CFA/PPD, to which ␥␦ T cell reactivity has been reported [25] [26] [27] . Several non-exclusive explanations may account for this, but together our observations support the idea that the provision of B cell help may not be a major physiological function of ␥␦ + cells in healthy animals. Nonetheless, ␥␦ T cell help may be significant in animals, including humans, suffering from pan or selective ␣␤ T cell deficiencies, which render them prone to repeated infection. Indeed, our studies provide a paradigm by which repeated infection may underlie ␥␦ T cell-B cell interactions reported in patients with autoimmune diseases such as Sjogren's syndrome [58] and systemic lupus erythematosus [20] . Additionally, repeated infection may provoke the increase of ␥␦ + cell numbers detected in many AIDS patients [59, 60] . As most ␥␦ cells lack expression of CD4 ( Fig. 1c,i ; [12] ), they may escape infection by the human immunodeficiency virus (HIV), and thus be available, like the murine ␥␦ + CD4 -cells in this paper, to partake in T cell-B cell collaboration.
In addition to B cells, ␥␦ T cells probably interact with many other cell types, including activated T cells and T cell tumors [56, 61] , activated macrophages [56] , and activated epithelial cells and carcinomas [62, 63] . This study indicates that such interactions, and their physiological consequences, may be provoked by recurrent infection.
Materials and methods
Mice TCR␤ -/-, TCR(␤x␦) -/-, and TCR␤ + ␦ + mice (all age-matched adults), were bred locally under SPF conditions, and E. vermiformis-challenged mice housed in a dedicated facility.
Parasite
E. vermiformis has been maintained locally for ~6 years. Mice were infected by gavage with 1000 sporulated oocysts as reported [29] . Infection of mice was verified by oocyst production. 
Reagents
Quantitation of Ig levels
Total levels of serum IgM, IgG1, IgG2a, IgG2b, IgG3 and IgA were determined by ELISA as published [14, 18] .
Detection of autoantibodies
Antinuclear (ANA) antibodies were detected by indirect immunofluorescence using HEp-2 cells (Quidel, San Diego, California) and FITC-conjugated goat anti-mouse IgG (Sigma), as described [14, 18] . Reactivity was assessed on the following scale: (-), (+), (++), and (+++), as judged by two independent observers.
Preparation of soluble protein extracts from E. vermiformis oocysts
Extracts of E. vermiformis oocysts were prepared as described [64] . Sporulated oocysts (1 × 10 7 ml -1 in PBS (pH 7.2) and 0.5 mM PMSF) were disrupted using glass beads, vortexing, freeze-thawing, and sonication. After centrifugation at 12 500 rpm for 20 min at 4°C, supernatants were lyophilized, resuspended (in 10 mM imidazole (pH 7.2), 4 mM EDTA-K, 1 mM EGTA-K and 0.02 % sodium azide), and stored in aliquots at -70°C.
Immunoblotting
E. vermiformis protein samples were electrophoresed through reducing 15 % SDS-PAGE gels and blotted onto nitrocellulose (0.2 mm, Schleicher & Schuell, Keene, New Hampshire). After blocking overnight (4°C) in 10 % normal goat serum (Sigma), filter strips were incubated (1 h, 4°C) with sera pooled from two mice. All dilutions, in washing buffer (1× Tris-buffered saline and 0.1 % Tween-20), included 3 % normal goat serum and were 1:25, except for the positive-control sera (such as 3°-infection TCR␤ + ␦ + mice), which were diluted 1:100. The secondary antibody (HRP-conjugated goat anti-mouse IgG) was used at 1:5000. Visualization was by enhanced chemiluminescence (ECL, DuPont/NEN, Wilmington, Delaware).
Cellular characterization of GCs
5 m thick spleen sections were cut from frozen tissue blocks, thawmounted onto 4 spot glass slides, air dried for 1 h, fixed in acetone for 20 min at 4°C, and stored at -20°C. For staining, slides were thawed, washed in Tris-buffered saline (pH 7.6) for 5 min, and incubated with monoclonal antibodies for 45 min at room temperature. Adjacent serial sections were double-stained with the following combinations: IgD and CD3 or PNA, or CD3 and CD4, CD8, TCR␤ or TCR␦. After washing, sections were incubated for 45 min with relevant secondary antibodies, all of which were preadsorbed with 10 % normal mouse serum for 30 min to prevent cross reaction with mouse tissue. Final incubations were performed with Strept ABComplex HRP or AP for 30 min After further washing, HRP was developed using 3,3′ diaminobenzidine (1 mg ml -1 in Tris buffer (pH 7.6) containing 1 drop H 2 O 2 ), and AP was developed using the substrate naphthol AS-MX phosphate (0.4 mg ml -1 ) and color reagent fast blue BB salt (1 mg ml -1 ) in Tris buffer (pH 9.2) containing 0.8 mg ml -1 levamisole. All spleen samples were examined in a blinded study; samples were numbered and the key was broken only after staining was complete and interpreted.
Molecular characterization of GCs
Genomic DNA from microdissected PNA + GCs and Thy1.2 + PALS [15, 36] was isolated and subjected to nested PCR amplification, using Pfu polymerase (Stratagene, La Jolla, California) and nested sets of 'long' (L) and 'short' (S) primers:
V␥1L: 5′-CCTTgggATgCTgCTCCTgAg-3′ V␥1S: 5′-AACTGCAGAACTCATCCTCATTTCC-3′ J␥4L: 5′-gggAATTACTACgAgCTTTgTCCC-3′ J␥4S: 5′-CgggATCCgAgCTTTgTCCCTTTggC-3′ V␥7L: 5′-CAAggCATgCTgTgggCTCTg-3′ V␥7S: 5′-gCTCTggCCCTACTTCTAgC-3′ J␥1L: 5′-TCCTTCTgCAAATACCTTgTg-3′ J␥1S: 5′-CgggATCCAAATACCTTgTgAAAACCTg-3′ V␦6.3L: 5′-gTCACATgCCTCCTCACAgC-3′ V␦6.3S: 5′-AACTgCAgCCTCCTCACAgCCTgCTC-3′ J␦1L: 5′-AgTCACTTgggTTCCTTgTCCAAAgACgAgTTTgTCgTT-3′ J␦1S: 5′-CgggATCCCCAAAgACgAgTTTgTCg-3′
Genomic DNA isolated from whole spleens was used as a positive control for the TCR primers; no DNA was used as the negative control, and was carried over from the first through the second round. Reagents were prepared in a laminar-flow hood using aerosol-barrier pipet tips, and all reactions were performed in siliconized tubes. 
Population analyses
PCR-RFLP analyses were performed as described [65] . V␥1-J␥4 PCR products were digested with either RsaI or DdeI (New England Biolabs, Beverly, Maryland), yielding fragments of 238 and 176 ± 3 bp, respectively. V␦6-J␦1 products were digested with RsaI, yielding fragments of 237 ± 3 bp.
